Introduction
The biological functions of the mammalian spermatozoon depend heavily upon the properties of the plasma membrane, which must not only control the passage of ions into the interior of the cell (Bradley & Forrester, 1980; Ashraf et al., 1982; Breitbart & Rubinstein, 1983) but must also interact with constituents of the female genital tract in order to activate those mechanisms responsible for capacitation and the induction of the acrosome reaction (O'Rand, 1977; Ebenshade & Clegg, 1980; Voglmayr et al., 1980) . The sperm plasma membrane is also involved in two inde¬ pendent cell recognition events associated with the process of fertilization. The first involves the attachment of the spermatozoon to the surface of the zona pellucida, as a result of modifications to the sperm surface which take place in the epididymis (Saling, 1982; Shur & Hall, 1982) . The second event concerns the capacity of the equatorial segment of the sperm head to recognize and fuse with *Address for reprints: Dr R. J. Aitken, MRC Unit of Reproductive Biology, Centre for Reproductive Biology, 37 Chalmers Street, Edinburgh EH3 9EW, U.K.
the vitelline membrane of the oocyte, as a result of changes in the sperm plasma membrane which occur concomitant with the acrosome reaction (Yanagimachi, 1981) .
In a clinical context, analysis of the human sperm plasma membrane is of importance in both the development of new approaches to immunocontraception (Aitken, 1982) and in understanding the nature and origins of idiopathic autoimmunity directed against sperm antigens (Poulsen & Hjort, 1981; Lee et ai, 1982; Naaby-Hansen & Bjerrum, 1985) .
Despite the fundamental and clinical importance of this research area, there have been very few formal studies concerning the composition of the human sperm surface and the nature of the components targeted by autoantibodies capable of disrupting human sperm function (Young & Goodman, 1980; Dor et al., 1981) . In the present study we have sought to extend our knowledge of this area by using a variety of membrane isolation and surface labelling techniques to determine the nature and orientation of the major constituents of the human sperm plasma membrane. Western blot analysis was then used to determine which of these membrane components interact with antisperm autoantibodies, previously characterized for their ability to influence human sperm function in vitro.
Materials and Methods
Semen donation. Human spermatozoa were collected from healthy donors exhibiting normal semen profiles (>20 106 spermatozoa/ml, >40% progressive motility and >40% normal morphology) into sterile plastic con¬ tainers. After allowing at least 30 min for liquefaction to occur the spermatozoa were separated from seminal plasma by 3 cycles of centrifugation and resuspension in 8-ml volumes of Medium BWW (Biggers et ai, 1971) . The final sperm pellet was resuspended in 1 ml Medium BWW, analysed to determine the concentration of spermatozoa using an improved Neubauer haemocytometer and finally diluted to a concentration of 20 IO6 cells/ml.
Anti-sperm antibodies. Antisera were obtained from patients exhibiting infertility associated with idiopathic autoimmunity against sperm antigens. The Tray Agglutination Test (TAT) was used to detect the presence of antisperm antibodies in samples of heat-inactivated (56°C for 30 min) blood serum. The assay was performed according to the protocol described by Friberg (1974) with the minor modifications introduced by Jager et al. (1978) . Serially diluted heat-inactivated samples were incubated with donor spermatozoa in microchamber trays under paraffin oil at 37°C and the results were read after 2 h using an inverted microscope.
The presence of antisperm antibodies was also assessed using immunobeads coated with anti-human lgG or IgA (Biorad Laboratories, Watford, Herts). To perform this assay 200 µ of a donor sperm suspension (10 106 cells/ml) were incubated with 20 µ heat-inactivated antiserum for 3 h; 5 µ of this preparation were then mixed with 5 µ of the washed immunobeads on a microscope slide and incubated for 10 min before examination by phase-contrast microscopy.
Sperm function tests. The ability of human spermatozoa, obtained from 12 individual donors, to recognize and fuse with the vitelline membrane of the oocyte was assessed using the zona-free hamster egg penetration test (Yanagimachi et ai, 1976) following the induction of the acrosome reaction wih A23187 (Aitken et al., 1984) . The -globulin fraction from each autoimmune antiserum was isolated by sodium sulphate precipitation (Aitken et al., 1982) to yield preparations containing 5 mg -globulin/ml. These preparations were then incubated at a dilution of 1:10 with spermatozoa (20 106/ml) for 1 h before the addition of A23187, prepared as an aqueous suspension of the Ca2 + /Mg2T salt (0026 mg/ml; Aitken et ai, 1984). After a further incubation period of 2 h the spermatozoa were pelleted by centrifugation at 500 g for 5 min and resuspended in Medium BWW at a concentration of 10 106/ml. At this point in the procedure, the percentage of motile spermatozoa was estimated with the aid of a grid on an eye-piece graticule. Zona-free hamster oocytes were then introduced into these sperm suspensions and after 3 h they were scored for the presence of decondensing sperm heads with an attached or closely associated tail. Control incubations contained the same concentration of -globulin from non-immune donors.
The influence of the antisera on the ability of human spermatozoa to penetrate human cervical mucus was assessed using the procedure described by Katz et al. (1980) as modified by Aitken et al. (1985) .
Isolation of membrane vesicles. Sperm samples were prepared as described above and resuspended in 1 mM-EDTA OpH 5-0) containing a protease inhibitor, 1 mM-phenylmethyl sulphonyl fluoride (PMSF; Sigma, MO, U.S.A.). The sperm membranes were detached using an ultrasonicator (Soniprep, MSE, Crawley, Sussex, U.K.) using 3 10-sec bursts, with a probe amplitude of 3 µ , keeping the tube on ice between bursts to minimize heating effects. This sonication protocol was established experimentally using several different combinations of probe amplitude and durations of treatment, assessing the degree of plasma membrane removal and cell disruption by electron microscopy.
The ultrasonicated suspension was centrifuged at 500 g to pellet the intact spermatozoa and the supernatant was again centrifuged at 3000g to remove any residual cells. The supernatant was removed and centrifuged at 100 000 g for 1 h on an ultracentrifuge (Sorvall OTD-50 Du Pont Instruments, Stevenage, Herts, U.K.) to yield a crude mem¬ brane preparation. After the method of Gillis et al. (1978) for the preparation of human sperm plasma membranes. the crude membrane pellet was resuspended in 0-25 M-sucrose and layered onto a discontinuous sucrose gradient (1-57 M, 1-3 M, 10m sucrose) and centrifuged at 100 000g for 2h. The membrane fraction was collected as a discrete layer at the 10 M-sucrose interface, diluted in Dulbecco's phosphate-buffered saline (PBS; Flow Labs, Irvine, U.K.) and again centrifuged at 100 000 g to pellet the membranes. According to Gillls et al. (1978) the membrane fraction collected from the 1 -0 M-sucrose interface derives from the plasma membrane in view of its ultrastructural appearance, sedimentation rate, high 5'-nucleotidase and low succinic dehydrogenase activities. We have also found that this fraction is enriched in NADPH oxidase activity, which is indicative of the plasma membrane. These preparations were stored at -20°C before solubilization in sample buffer for sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
The ultrastructural appearance of the sperm pellets and isolated membrane fractions was evaluated after fixation with 5% glutaraldehyde in cacodylate buffer and post-fixation in 1% osmium tetroxide.
Surface labelling of intact spermatozoa. To identify the externally orientated components of the human sperm plasma membrane, various surface labelling procedures were used with intact cells.
Exposed tyrosine residues were iodinated with the solid-phase reagent l,3,4,6-tetrachloro-3a,6a-diphenylglycoluril (Iodogen: Pierce Chemical Company, Rockford, IL, U.S.A.), according to the method of Fraker & Speck (1978) and Markwell & Fox (1978) . Typically, 107 spermatozoa in 100 µ PBS were added to a glass tube plated with 100 µg Iodogen, and exposed to 500 µ Na125I (Amersham, Bucks, U.K.) for 10 min, agitating the tube occasionally. The reaction was stopped by the addition of excess 0-25 M-KI and the iodinated spermatozoa were centrifuged (500 g) and washed 3 times in PBS to remove unlabelled iodine. The surface label was solubilized by the addition of 0-5 ml 1% Triton X-100, containing 10 mM-Tris-HCl, 1 mM-EDTA, and 1 mM-PMSF (pH 80) for 30 min at 4°C. The residual sperm pellet was removed by centrifugation, and the supernatant containing the surface label was stored at 4°C before analysis by gel electrophoresis.
Enzymic iodination of the sperm surface was achieved with lactoperoxidase and adapted from the method described by Young & Goodman (1980), using 107 spermatozoa and 100 µg lactoperoxidase/ml, activated by the addition of 10 20 µ samples of 9 10~5% (v/v) hydrogen peroxide at 15-sec intervals. The reaction was stopped by the addition of excess 0-25 M-KI and the labelled sperm surface was solubilized as described above.
Surface labelling of terminal galactose or galactosamine residues was achieved by the procedure described by Gahmberg & Hakomori (1973) and Steck & Dawson (1974 
Results
Surface labelling studies Analysis of the surface components labelled by the Iodogen method revealed the presence of 2 major radiolabelled peaks; a broad area of radioactivity just behind the ion front and a discrete peak of radioactivity with an Mr value of 20 000-24 000 (Fig. la) . Analysis of the surface compo¬ nents labelled with the lactoperoxidase technique revealed a similar pattern (Fig. lb) . In this case, however, the peak with a M, of 20 000-24 000 was diminished in size relative to the leading peak, possibly because the lactoperoxidase method is a slightly more vectorial labelling technique than the Iodogen procedure. The galactose oxidase method produced a labelling pattern similar to that seen with lactoperoxidase, with a heavily labelled leading peak followed by a relatively minor component with an M, value of 20 000-24 000 (Fig. lc) . In control studies in which the galactose oxidase was omitted from the incubation mixture the minor peak was not labelled although some non-specific labelling of the component trailing behind the ion front was still observed. Further resolution of the surface labelled components was obtained by autoradiography of the labelled preparations. These studies (Fig. 2) revealed, in addition to the large mass of labelled material migrating behind the ion front, that the labelled components migrating with an of around 20 000 contained a discrete doublet of bands with Mr values of 19 000 and 17 000 respect¬ ively. Autoradiography also revealed the presence of additional minor bands including a doublet of MT 30 000, a broad band at Mr 40 000-45 000, and a discrete band at Mr 66 000, in addition to high molecular weight components migrating near the origin of the gel. When the autoradiographs were compared with silver stained gels of the same preparations, distinct differences were noted indicat¬ ing the selective nature of the surface labelling procedure. For example, the stained preparations revealed a doublet of bands with Mr 15 000 and 16 000, which were not represented on the auto¬ radiographs and hence represent major membrane constituents with little exposure on the outer surface of the membrane. Conversely, other components, such as the doublet of bands at MT 30 000, were not visualized on the stained gels but were clearly represented on the autoradiographs, suggesting the presence of minor membrane constituents with an external orientation (Fig. 2) .
The major component of the sperm surface migrating behind the ion front probably has a lipidlike composition since it could be readily removed by organic solvents (Figs 2 & 3) Analysis of these membrane preparations by SDS-PAGE revealed an electrophoretic profile which was very similar to that seen in the surface labelling studies (Fig. 6) fuse with the vitelline membrane of the oocyte. Western blot analysis was then used to correlate the biological activity of the antisera with the nature of the sperm surface components targeted by the antibodies.
The influence of the -globulin fractions obtained from the sera of 61 patients on the frequency of sperm-oocyte fusion is illustrated in Fig. 4 . A majority of these samples exhibited an inhibitory effect on sperm-oocyte interaction although the degree of suppression observed varied con¬ siderably between samples. In contrast, 21 % of the samples examined exhibited a variable ability to enhance the levels of sperm-oocyte fusion observed, in response to the calcium signal generated by A23187. These suppressive/stimulatory properties exhibited by the individual -globulin prep¬ arations were repeatable (see examples in Table 1 ), were achieved without any significant changes Fig. 7 . Influence of the -globulin fraction of anti-sperm antisera of infertile patients on spermoocyte fusion compared to the antibody titres given by the tray agglutination test (TAT).
in the motility of the spermatozoa, and were not correlated with the antibody titres as measured by the Tray agglutination test (Fig. 7) , immunobead binding or the ability of the antisera to influence cervical mucus penetration (data not shown).
Western blot analysis also revealed little correlation between the ability of a sample to influence sperm-oocyte fusion and the nature of the proteins targeted in the plasma membrane. Repre¬ sentative blots from samples showing a range of activity in the suppression or activation of sperm-oocyte fusion are illustrated in Fig. 8(a) . The results revealed that these antisera targeted a variable number of high molecular weight (Mr > 30 000) components on the plasma membrane, many of which exhibited Mr values similar to components of the sperm surface identified in the surface labelling studies (Mr = 35 000, 45 000, 66 000, 90 000 and 115 000). Of these components the band with an Mr value of 90 000 was most heavily bound by most of the antisera tested.
To determine whether these antisera might also be targeting internal antigens or antigens which might have been removed in the process of isolating the membrane fraction, the Western blot studies were repeated on deoxycholate extracts of intact spermatozoa. The results of this study, presented in Fig. 8(b 
Discussion
The surface labelling patterns obtained with human spermatozoa in this study are very similar to those observed in the rat by Klinefelter & Hamilton (1985) in revealing 2 major peaks of radio¬ activity, one with an Mr of around 23 000 and a second migrating just behind the ion front. This leading peak was extractable with chloroform and methanol or ether, suggesting a lipid-like consti¬ tution. The equivalent fraction on the rat sperm plasma membrane has been definitively identified as a glycolipid (Klinefelter & Hamilton, 1985) while a major antigen on the surface of guinea pig spermatozoa has also been shown to possess properties consistent with a glycolipid (Teuscher et ai, 1982) . The second peak with an Mx value of 20-24 000 could be precipitated with TCA and was specifically labelled with galactose oxidase-NaB[3H]4 treatment, suggesting that this component is glycoprotein. The Mr 24 000 component on the rat sperm surface is also labelled with this technique and has been identified as an rx-lactalbumin-like glycoprotein, which is normally present on the surface of spermatozoa from the cauda but not the caput epididymidis (Klinefelter & Hamilton, 1985) .
The function of a-lactalbumin on the surface of the mammalian spermatozoon is currently unknown although it has been speculated that this complex is involved in modifying the carbo¬ hydrate structure of the sperm surface (Hamilton, 1981) , possibly conferring upon the spermatozoa the ability to recognize the zona pellucida. Recent studies by O'Rand et al. (1985) have shown that heat-solubilized, iodinated human zonae pellucidae bind specifically to two major peptides derived from human spermatozoa with Mr values of 17 000 and 18 000, together with a minor component at M, = 15 000. It is possible that these components correspond to the major doublet of bands observed in the surface labelling studies with M, values of 17 000 and 19 000, together with the minor band at 15 000. The small difference in molecular weights is possibly due to differences in the conditions used for electrophoresis or microheterogeneity in the molecular weights due to different degrees of glycosylation (Hamilton, 1981) .
The only other formal study of the surface labelling patterns given by human spermatozoa was undertaken by Young & Goodman (1980) . The electrophoretic profile described by these workers, with 5 even peaks of radioactivity with molecular weights ranging from Mr = 20 000 to
MT
= 92 000 appears quite unlike the patterns described in this paper and at present we cannot explain these differences. Although the molecular weights ascribed to the major constituents of the human sperm surface by Young & Goodman (1980) do resemble some of the values presented here (the bands with Mr values of 92 000, 72 000, 46 000, 30 000 and 20 000 described by these authors could be equated with the components at 115 000,66 000,40-45 000, 30 000 and 19 000 identified in this study) the distribution of radioactivity is different and none of the minor components described by us were recorded.
The isolation of a membrane-rich fraction from human spermatozoa was achieved following a protocol previously described by Gillis et ai (1978) , with the exception that short bursts of ultrasonication rather than nitrogen cavitation were used to disrupt the spermatozoa. The end result appears to be similar, however, with the isolation of a homogeneous population of vesicles from the sucrose gradients exhibiting ultrastructural features, and an electrophoretic profile, characteristic of the plasma membrane.
These membrane preparations were subsequently used to examine the nature of the surface antigens targeted by anti-sperm antisera, which had previously been assessed for their ability to influence sperm-oocyte fusion in vitro. The antisera revealed an unexpected ability to stimulate or inhibit the levels of sperm-oocyte fusion observed after the induction of the acrosome reaction with A23187. We have previously reported (Dor et ai, 1981) that antisera from the World Health Organization's serum bank exhibit a variable capacity to suppress the levels of sperm-oocyte fusion observed in a system lacking A23187. In contrast, Bronson et ai (1981) have recorded the stimu¬ lation of gamete fusion when anti-sperm antisera were added to their zona-free hamster egg system. The findings reported in this study resolve these differences by indicating that populations of both inhibitory and stimulatory antisera exist within the cohort of patients exhibiting idiopathic auto¬ immunity. We have also observed the presence of stimulatory and inhibitory antibodies in the seminal plasma of patients exhibiting autoimmunity following vasovasostomy (data not pre¬ sented). The existence of inhibitory antisera was anticipated and presumably reflects the presence of antibodies capable of masking those surface determinants on the acrosome-reacted human sperm¬ atozoon capable of recognizing and initiating fusion with the vitelline membrane of the oocyte. The presence of stimulatory antibodies is more difficult to explain. One exciting possibility is that -globulin preparations exhibiting this activity contain antibodies which are able to cross-link, and thence activate, receptor sites on the human sperm surface which are capable of initiating those biochemical events normally responsible for inducing membrane fusion and which, in physiological circumstances, interact with complementary receptors on the zona surface (Singer et ai, 1985) . The ability of anti-receptor antibodies to induce cell activation in other cell types is well established; antibodies against the insulin receptor, for example, are known to induce the spectrum of biochemical changes associated with the action of insulin itself (Zick et ai, 1984 
